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Introduction
Processes for sustainable environmental protection, such as wastewater treatment, air purification and decomposition of undesirable compounds have become a great demand in modern society. Photocatalyst has been introduced with the aim of developing clean chemical processes and environmentally friendly materials that will degrade harmful pollutants into non-toxic substances.
Photocatalysts are semiconductors that use the energy of light to facilitate the decay of organic and inorganic pollutants. Among the variety of semiconductors, such as TiO 2 , ZnO [1] , ZrO [2] , ZnS [3] , MoS 2 [4] , titanium dioxide has become the most commonly used photoinduced catalyst due to its strong oxidizing capacity [5] , chemical stability, nontoxicity and photocorrosion resistance.
Many factors influence the photocatalytic performance of TiO 2 , e.g. structural dimensionality, size, specific surface area, pore structure and crystalline phase [6] . A high specific surface area and a unidirectional channel for charge carrier transport can be achieved by synthesizing one-dimensional nanoarrays. This provides a faster electron transport, reducing carrier recombination and improving photocatalytic activity [6] .
Along with dimensionality, crystal structure plays an important role in the photocatalytic performance. TiO 2 has three main crystalline structures: anatase, rutile and brookite. Anatase and rutile are more efficient in photocatalysis. Rutile has a lower band gap (3.0 eV) than anatase (3.2 eV), and it is expected to show better photocatalytic activity. According to previous studies [7] [8] [9] , rutile turned out to be less efficient than anatase in the degradation of a large number of organic molecules. Sun et al. [10] showed that pure anatase TiO 2 nanotubes annealed at 450 °C exhibited the highest photoconversion efficiency of 4.49 % and the maximum hydrogen production rate of 122 μmol/(hcm 2 ). Oh et al. [11] demonstrated that the anatase type TiO 2 nanotubular film annealed at 550 °C had the best photocatalytic performance in the photodegradation of aniline blue. On the other hand, there are publications showing that rutile exhibits a higher photocatalytic activity than anatase in the decomposition of methylene blue, due to its higher crystallinity [12] . Furthermore, it seems that, compared to pure anatase or rutile, mixed-phase TiO 2 shows a higher photocatalytic activity, which is directly related to the surface-phase structure and the phase junction formed between anatase and rutile [13] . Yu et al. [14] observed the highest photocatalytic activity and the highest formation rate of hydroxyl radicals and photocurrent in the nanotubular TiO 2 annealed at 600 °C, due to its biphasic structure and good crystallization. Therefore, there is a need for a more detailed insight into the temperature transition of TiO 2 polymorphs and their influence onto the photocatalytic performance.
It has been established that the temperature of the transition from metastable anatase to stable rutile depends on many factors, such as particle size, lattice strain, morphology, impurities in the lattice [15] . In this article, the stability of the structure, tube geometries and the crystal phase transformations upon sintering were investigated. The effect of these parameters on the photocatalytic activity of TiO 2 nanotube films was also determined.
Experimental procedure
Commercial titanium foils (1 × 2.5 cm 2 , 0.25 mm thick, 99.7 %, Aldrich) were cleaned in an ultrasonic bath with acetone, ethanol and deionized water, successively. After drying, the foils were immersed in 1.27 wt.% HF and 0.53 wt.% CH 3 COOH containing electrolyte along with platinum foil that served as a cathode. The distance between the electrodes was 1 cm. Anodization was performed at a potential of 15 V for 30 minutes, with continuous stirring of the electrolyte. The samples were dried in air and then annealed at 450, 600, 650 and 700 °C, in the air for 30 minutes, with a heating rate of 5 °Cmin -1 .
The morphology evolution was studied using scanning electron microscopy (FEI NanoSEM 630, 15keV).
Raman spectra were obtained in the range from 100 to 1100 cm -1 , with a Horiba Jobin Yvon Aramis Raman/PL System, using a He-Ne laser operating at 632.8 nm with the power of 1 mW on the sample surface. All measurements were performed using a grating with 1800 lines/mm, a 100× microscope objective and the acquisition of 10s/5 cycles.
The X-ray Diffraction (XRD) patterns were obtained on a Philips PW-1050 diffractometer, operated at 40 kV and 30 mA, using Ni-filtered Cu K  radiation (1.5419 Å). Bragg-Brentano focusing geometry was used with a fixed 1° divergence and 0.1° receiving slits. The patterns were taken in the 20-80° 2 range with the step of 0.05° and collection time of 1 s per step. The crystalline sizes were estimated using Scherrerʼs equation [16] 
where D was crystalline size, k the Sherrerʼs constant, λ the wavelength of X-ray radiation, β the full-width at half-maximum (FWHM) and θ was the diffraction angle.
The XPS measurements were conducted on a Kratos Axis Ultra XPS system with Monochromated Aluminum K-Alpha X-Rays (h = 1486,6 eV). During the measurement, chamber vacuum was at 2.5 × 10 -8 torrs. The X-Ray gun was operated at 15 kW and 10 mA. A charge neutralizer was used to reduce the charging effects from non-conducting surfaces. All survey scans were collected with a Pass Energy of 160 eV and one sweep (or averaging). All Region scans were made with a Pass Energy of 20 eV, and the number of sweeps (averages) performed was dependent on the measured region. All data was calibrated to the C-C portion of the C1s peak at 284.5 eV.
The photocatalytic activity of TiO 2 nanotube films on titanium foil was investigated by immersing the samples into 3 ml of aqueous MO solution (concentration of 5 mg/L). In order to the achieve adsorption/desorption equilibrium, the samples were left in solution for 1 h in the dark prior to the photocatalytic test reaction. The sample was illuminated by a spot light source (Hamamatsu LC5) from a distance of 1 cm (light intensity 5.2 mW/cm 2 ). The decomposition rate of MO as a function of irradiation time was measured by a Varian Cary 50 Scan UV-Vis spectrophotometer. In order to determine the intrinsic photolysis of MO (i.e. the UV light-induced self-decomposition), the aqueous solution of MO without photocatalysts was irradiated.
Results and Discussion
The anodization of Ti foil is a promising approach to fabricating vertically oriented TiO 2 nanotube arrays directly grown on the Ti substrate, without a template. The sintering temperature is an important parameter that affects the morphology and crystallinity of nanotubes. Fig. 1 (a-j) shows the evolution of the nanotube morphology as a consequence of sintering temperature change. Tab. I shows the influence of the annealing temperature on the average inner diameter (Di), the wall thickness (W) and the tube length (L) obtained using the image analysis software. The porosity was calculated according to the equation [17] : Fig. 1a and b show well-defined TiO 2 nanotubes formed in an aqueous solution of HF at a potential of 15 V. It is evident that the highly ordered nanotube array consists of very regular tubes with an average inner diameter of 90 nm and a wall thickness of 10 nm. The length of the tubes is 315 nm, with rough walls typical of nanotubes grown in an electrolyte with water [18] . After annealing at 450 °C, nanotubular arrays retained their structural integrity, with a slight change in the diameters, wall thickness and length, as it is shown in Tab. I. At 600 °C, a compact layer appeared at the interface between the TiO 2 nanotubes and the titanium foil and due to that the length of nanotubes decrease on L = 220 nm. With further increase in temperature, the diameters slightly decreased, while the length shortened drastically. This can be presumably ascribed to the sintering process that occurs during crystallization. At 700°C, nanotubes no longer had a regular shape, with recognizable particles grown from the nanotubes. With sintering, the porosity lowered (Tab. I) due to the shrinking of the tubes, which merged together, reducing the spacing between the walls. In order to determine the phase composition and crystallinity of TiO 2 nanotube arrays at different sintering temperatures, the XRD diffractograms and Raman spectra were studied. Fig. 2 shows the diffractograms of TiO 2 nanotube arrays annealed at a different temperature. The as-anodized TiO 2 nanotubes are amorphous, due to which only the peaks of the titanium substrate are present in the diffractogram. With annealing, TiO 2 nanotubes crystallized in two polymorphous forms: anatase and rutile. At 450 °C, anatase was observed as the main crystal phase due to the presence of two main anatase peaks at 25.3° and 48°, corresponding to the (101) and (200) planes, respectively. Also, a small amount of the rutile phase appeared at 27.3° (110). All other peaks came from the substrate, which dominated due to the low thickness of the film. Mor at al. [19] reported that in nanotubes on a titanium substrate, rutile appeared at 430 °C, while in nanotubes on conductive glass annealed at 500 °C rutile did not appear. This happened due to the growth of rutile crystallites at the interface between the nanotube bottom and the thermally oxidized Ti substrate [7] . With temperature rise to 600 °C, new peaks appeared at 36.1° (101), 41.4° (111), 44° (210), 54.3° (211), 56.7° (220) and 68.9° (301), which corresponded to the rutile phase. With further temperature increase up to 650 and 700 °C the intensity of the rutile peaks gradually strengthened, while the intensity of peaks from anatase decreased, proving that almost all anatase transformed into rutile. A decrease of the diffraction intensity of the titanium foil was also observed, revealing the crystallization of the support [20] . The phase composition and the crystallite size estimated using Scherrerʼs formula are shown in Tab. II. The crystal size of anatase and rutile was growing until the temperature reached 650 °C, when it started to drop, probably due to the collapse of the nanotube structure. The temperature-induced anatase and rutile crystal modifications of TiO 2 were tracked using spectroscopy methods. The Raman spectrum of the sample annealed at 450 °C (Fig. 3) showed only the Raman peaks characteristic for the crystal modification of anatase: at 145 cm -1 (E g(1) mode), 198 cm -1 (E g(2) mode) and 395 cm -1 (B 1g(1) mode), as well as the peak at 515 cm -1 that corresponds to the superposition of the A 1g and B 1g(2) modes and the peak at 635 cm -1 , which comes from the E g (3) mode [21] [22] [23] . With an increase in temperature, new peaks started to appear in the Raman spectra, along with anatase peaks. At 600 °C, the rutile E g mode at 425 cm -1 occurred, besides the anatase modes. Further temperature increase, up to 650 °C, resulted in more intensive rutile peaks, while the intensity of all the major anatase modes decreased and only the main anatase mode at 145 cm -1 remained clearly visible.
Tab. I

Fig. 3. Raman spectra of annealed TiO 2 nanotubes (A-anatase, R-rutile).
The rutile phase was observed as the dominant one, identified by the E g mode at 446 cm -1 and A 1g mode at 609 cm -1 , as well as by the broad peak at 242 cm -1 , which originated from the second-order vibrational mode E g (SO) and disorder effects [24, 25] . At 700 °C, the main anatase mode was replaced with the rutile B 1g mode at 142 cm -1 , indicating that anatase phase completely disappeared. The whole spectrum at this temperature was assigned to the rutile phase, where the four Raman modes were prominent enough (B 1g , E g , A 1g and E g (SO)), while the mode expected at 826-827 cm -1 was too weak to be observed. An XPS study was further employed in order to investigate how different annealing temperatures influenced the chemical composition of anodized titanium foil. The results are presented in Fig. 4 . In pristine TiO 2 , titanium (Ti 2p), oxygen (O1s), carbon (C1s), nitrogen (N1s), fluoride (F1s) and lead (4f) XPS peaks were noticed. After a heat treatment, peaks of lead, fluoride and nitrogen disappeared, proving that they were caused by surface contamination. No significant changes were noticed for the samples annealed at 450 and 600 °C, relative to pristine samples. Since the positions of Ti 2p 3/2 and Ti 2p 1/2 peaks (Fig. 5 ) in these samples ranged from 458.16 to 458.37 eV, and from 463.85 to 464.10 eV, respectively, it clearly indicated the existence of a Ti 4+ state [26, 27] . Moreover, the difference in the binding energy of Ti 2p 3/2 and Ti 2p 1/2 peaks in all of the annealed samples was in accordance with the literature data for the mentioned state of titanium. Although at higher annealing temperatures both peaks shifted slightly towards lower binding energies, their positions still remained well above the binding energy of the Ti 3+ state [27, 28] . In the O1s regions of binding energy, the peak at 529.6-529.7 eV proved O-Ti 4+ bonding (Fig. 6 ) [29] . It was possible to assign it to the lattice oxygen in TiO 2 . On the other hand, the shoulder effect that could be fitted with the peak at 531.0 ± 0.2 eV probably originated from surface-adsorbed oxygen (within the hydroxyl groups at the outermost surface, as well as within the adsorbed water resulting from moisture adsorption in air) [29] . The increase in annealing temperature up to 650 °C caused the reduction of the surface-adsorbed oxygen content. The atomic ratio O latt /Ti2p provides an insight into the stoichiometry of the structure. The results show the substoichiometric structure for the amorphous (as-anodized) sample (Tab. III), which probably indicates the presence of oxygen vacancies in it. It can be assumed that after annealing, the filling of oxygen defects proceeded, which was assisted by the crystallization process, since annealing was taking place in air. The influence of the sintering temperature of TiO 2 nanotubes on the degradation of the MO textile dye is shown on Fig. 7a . A further analysis indicated that the reaction could be presented as ln(C/C o ) = ln(A/A o ) = kt, where C o was the initial dye concentration, C was the concentration after irradiation for time t. A o and A were the corresponding absorbance, while k was a rate constant. Fig. 7b shows the linear curves proving that the degradation of MB by sintered TiO 2 nanotubes follows the pseudo-first order kinetic. The first-order constant k and the correlation coefficient R 2 are shown in Tab. IV. It is evident that an increased annealing temperature was accompanied by the increase of k, up to 700 °C, when it began to decrease gradually. The samples sintered at 450 °C and 600 °C had similar morphology parameters but there was a difference in the crystal structure. The reason for a higher kinetic constant for the sample annealed at 600 °C was probably the presence of the rutile phase. The best photocatalytic activity shows sample annealed at 650 °C due to the optimum ratio of anatase/rutile phase. The worst photocatalytic performance was exhibited by the sample annealed at 700 °C and this can be explained by the collapse of the nanotubular morphology and porosity loss, combined with the disappearance of the anatase phase (Fig. 2) . The advantages of the mixed anatase-rutile phase could be due to the efficient trapping and separation of photogenerated charges at the phase junction or the separation of the charges across different crystallite phases [30] . 
Conclusions
In this study, a highly ordered TiO 2 nanotube array on a Ti substrate was successfully fabricated using electrochemical anodization. It was observed that the morphologies and crystallinity of the TiO 2 nanotube array were greatly influenced by the sintering temperature. It was shown the sample annealed at 450 °C consisted mostly of the anatase phase, while 99.4 % of rutile was formed at 700 °C. At the temperatures of 600 °C and 650 °C, a mixture of anatase and rutile was observed. Different amounts of the polymorph phase strongly influenced the photodegradation of the MO dye. It was established that the TiO 2 nanotube array sintered at 650 °C showed the best photocatalytic activity, due to the optimal anatase-torutile ratio. With a further increase in temperature, up to 700 °C, the photocatalytic activity drastically decreased due to the collapse of the nanotubular structure and the excessive rutile content. As a result of the presented investigation, an appropriate tailoring of the ratio of polymorph phases in TiO 2 nanotubes could lead to a more suitable photocatalyst. 
